New neurons are continuously added to the dentate gyrus of the adult mammalian brain. During the critical period of a few weeks after birth when newborn neurons progressively mature, a restricted fraction is competitively selected to survive in an experience-dependent manner, a condition for their contribution to memory processes. The mechanisms that control critical stages of experience-dependent functional incorporation of adult newborn neurons remain largely unknown. Here, we identify a unique transcriptional regulator of the functional integration of newborn neurons, the inducible immediate early gene zif268/egr1. We show that newborn neurons in zif268-KO mice undergo accelerated death during the critical period of 2-3 wk around their birth and exhibit deficient neurochemical and morphological maturation, including reduced GluR1 expression, increased NKCC1/KCC2b chloride cotransporter ratio, altered dendritic development, and marked spine growth defect. Investigating responsiveness of newborn neurons to activity-dependent expression of zif268 in learning, we demonstrate that in the absence of zif268, training in a spatial learning task during this critical period fails to recruit newborn neurons and promote their survival, leading to impaired long-term memory. This study reveals a previously unknown mechanism for the control of the selection, functional maturation, and experience-dependent recruitment of dentate gyrus newborn neurons that depends on the inducible immediate early gene zif268, processes that are critical for their contribution to hippocampal-dependent long-term memory. memory consolidation | neurogenesis | plasticity | hippocampus | transcription factor N ew neurons are continuously generated in adult life in discrete regions of the mammalian brain, including in the dentate gyrus (DG) of the hippocampus (1). After birth, the majority of newborn dentate granule cells (DGCs) follow a 2-mo race of development to become fully mature and integrate into existing circuits (2-4), a condition for their contribution to hippocampal functions, in particular to hippocampal-dependent learning and memory and spatial pattern discrimination (5). The cells' involvement as part of neuronal networks supporting learning and memory is believed to be timelocked to a critical stage of maturation (6). From the second week after birth, axons of newborn DGCs elongate (3) and contact hilar and CA3 pyramidal cells (7), then dendrites extend in the molecular layer and spines start to appear (2, 3). Newborn DGCs are initially tonically activated by ambient depolarizing GABA and then hyperpolarized after the gradual conversion of Cl − cotransporter expression (8), along with expression of glutamate receptors and their progressive responsiveness to glutamatergic inputs (8, 9). At this stage, they are hyperexcitable, display properties of enhanced synaptic plasticity, and are prone to integrate the existing hippocampal neurocircuitry (10-12). As their functional maturation progresses, however, newborn DGCs compete to survive, leaving the majority eliminated by cell death (13). Several behavioral manipulations, in particular hippocampal-dependent learning (14), can regulate their rate of survival. To date, the mechanisms that govern maturation, selection, and experience-dependent integration of newborn DGCs remains largely unknown.
New neurons are continuously added to the dentate gyrus of the adult mammalian brain. During the critical period of a few weeks after birth when newborn neurons progressively mature, a restricted fraction is competitively selected to survive in an experience-dependent manner, a condition for their contribution to memory processes. The mechanisms that control critical stages of experience-dependent functional incorporation of adult newborn neurons remain largely unknown. Here, we identify a unique transcriptional regulator of the functional integration of newborn neurons, the inducible immediate early gene zif268/egr1. We show that newborn neurons in zif268-KO mice undergo accelerated death during the critical period of 2-3 wk around their birth and exhibit deficient neurochemical and morphological maturation, including reduced GluR1 expression, increased NKCC1/KCC2b chloride cotransporter ratio, altered dendritic development, and marked spine growth defect. Investigating responsiveness of newborn neurons to activity-dependent expression of zif268 in learning, we demonstrate that in the absence of zif268, training in a spatial learning task during this critical period fails to recruit newborn neurons and promote their survival, leading to impaired long-term memory. This study reveals a previously unknown mechanism for the control of the selection, functional maturation, and experience-dependent recruitment of dentate gyrus newborn neurons that depends on the inducible immediate early gene zif268, processes that are critical for their contribution to hippocampal-dependent long-term memory.
memory consolidation | neurogenesis | plasticity | hippocampus | transcription factor N ew neurons are continuously generated in adult life in discrete regions of the mammalian brain, including in the dentate gyrus (DG) of the hippocampus (1) . After birth, the majority of newborn dentate granule cells (DGCs) follow a 2-mo race of development to become fully mature and integrate into existing circuits (2-4), a condition for their contribution to hippocampal functions, in particular to hippocampal-dependent learning and memory and spatial pattern discrimination (5) . The cells' involvement as part of neuronal networks supporting learning and memory is believed to be timelocked to a critical stage of maturation (6) . From the second week after birth, axons of newborn DGCs elongate (3) and contact hilar and CA3 pyramidal cells (7) , then dendrites extend in the molecular layer and spines start to appear (2, 3). Newborn DGCs are initially tonically activated by ambient depolarizing GABA and then hyperpolarized after the gradual conversion of Cl − cotransporter expression (8) , along with expression of glutamate receptors and their progressive responsiveness to glutamatergic inputs (8, 9) . At this stage, they are hyperexcitable, display properties of enhanced synaptic plasticity, and are prone to integrate the existing hippocampal neurocircuitry (10) (11) (12) . As their functional maturation progresses, however, newborn DGCs compete to survive, leaving the majority eliminated by cell death (13) . Several behavioral manipulations, in particular hippocampal-dependent learning (14) , can regulate their rate of survival. To date, the mechanisms that govern maturation, selection, and experience-dependent integration of newborn DGCs remains largely unknown.
Immediate early genes (IEGs) encoding inducible transcription factors are interesting candidates because they are transiently and preferentially induced in newborn DGCs during their critical period of maturation in response to synaptic activity and behavioral experience (4, (15) (16) (17) (18) (19) (20) (21) (22) . Zif268 (egr1, early growth response 1) is one such IEG that plays a critical role in hippocampal functions and memory processes. The gene is rapidly induced in the hippocampus by learning and recall of several forms of hippocampaldependent memories (23) and its inactivation severely compromises the formation of several types of memories (24) (25) (26) (27) , in particular when a high demand on hippocampal function is required (28) . Importantly, several studies have shown that Zif268 is induced in young newborn DGCs upon the occurrence of synaptic plasticity (16) and during learning or recall of novel information (4, 15, 17, 21, 22) , and can thus direct expression of selective gene programs in activated newborn neurons. These data raise the issue as to whether hippocampal-dependent memory deficits in zif268-KO mice may in part be because of altered neurogenesis. Therefore, we used the birthdating marker BrdU to follow the fate of newly generated cells in zif268-KO mice and asked whether the absence of zif268 has specific consequences for the neurogenic process and the recruitment of newborn DGCs in relation to learning and memory. We demonstrate that zif268 actively controls the survival of newborn DGCs during their critical period of maturation in the first 2-3 wk of their birth. We then demonstrate that in the absence of zif268 the occurrence of spatial learning during this critical period fails to recruit newborn DGCs and to promote their survival, and leads to impaired long-term memory, suggesting that zif268 is required for their functional incorporation into hippocampal memory networks. Mechanistically, we found that the absence of zif268 critically affects neurochemical and morphological maturation of newborn DGCs, a cellular phenotype likely related to their inability to be recruited during learning and participate in establishing long-term memory.
Author contributions: A.V. and S.L. designed research; A.V., A.G., E.B.-J., and C.R. performed research; F.B.K.B. and S.J. contributed new reagents/analytic tools; A.V., A.G., C.R., and S.L. analyzed data; and A.V., A.G., and S.L. wrote the paper.
The authors declare no conflict of interest. 1 To whom correspondence may be addressed. E-mail: alexandra.veyrac@u-psud.fr or serge. laroche@u-psud.fr. (Fig. 1A) . In this basal condition, a small proportion of young WT newborn DGCs expressed Zif268, which increased significantly over time (F 5,34 = 10.97, P < 0.001). Consistent with previous reports (4, 6) , the proportion of Zif268 + /BrdU + cells before 21 dpi was lower than in mature preexisting neurons (Zif268 + in NeuN + mature neurons: 1.9 ± 0.2%), but became significantly higher in 43-d-old newborn DGCs (Zif268 + in BrdU + cells: 1.1 ± 0.3%; 0.8 ± 0.3%; 3.0 ± 0.9%; 6.9 ± 2.1%; 2.5 ± 0.6%; 25 ± 2.8%, at 7, 14, 21, 28, 34, and 43 dpi P = 0.007, respectively).
Following progenitor cells proliferation, which was not affected in zif268-KO mice (Fig. S1A) , a high rate of newborn cells was eliminated both in WT and zif268-KO mice within the first few weeks of their birth (F 1,3 = 23, P < 0.001) ( Fig. 1 B and C) . Whereas WT mice showed a progressive loss of BrdU + cells between 14 and 43 d (14 vs. 21 dpi, P = 0.05; 21 vs. 28 dpi, P = 0.0002; 34 vs. 43 dpi, P = 0.037) with a peak between 14 and 28 d, as previously reported in mice as opposed to the more progressive elimination in rats (4), the selection was drastically accelerated in zif268-KO mice, with a salient loss between 14 and 21 d (14 vs. 21 dpi, P = 0.009; 21 vs. 28 dpi, P = 0.39; 34 vs. 43 dpi, P = 0.065; genotype effect at 21 dpi, P = 0.011). Remarkably, however, despite a transient homeostatic effect in zif268-KO mice observed at 28 dpi (P = 0.013), likely because of the preceding accelerated apoptosis, the number of cells that did survive at longer delays was in the end similar for the two genotypes ( Fig. 1C ) (43 dpi P = 0.66). The alteration of neurogenesis in zif268-KO mice is unlikely to be a result of developmental anatomic modifications of the hippocampus, because neuronal architecture and basic DG synaptic functions (25)-as well as DG volume-were not affected (Fig. S1B) . The implication of zif268 in adult neurogenesis during a critical window around 21 d was further reinforced by the finding of a similar accelerated loss in the DG of zif268 heterozygous mice (Fig. 1C ) (WT vs. heterozygous at 21 dpi P = 0.001), indicating there is no gene-dosage effect, and by a similar reduction of olfactory bulb neurogenesis, the other neurogenic brain area, in zif268-KO mice ( Fig. S1 C and D). Double labeling with the glial marker GFAP and the early and late neuronal markers, doublecortin (DCX) and NeuN, revealed no difference between genotypes, indicating normal differentiation rate and neuronal maturation over time among the surviving neurons (4) (Fig. 1 D-F) (GFAP: genotype P = 0.40; DCX: F 1,3 = 0.63, time P < 0.0001, genotype P = 0.94; NeuN: F 1,3 = 0.87, time P < 0.0001, genotype P = 0.64).
Overall, these results indicate that zif268 has a key role in the survival of adult newborn DGCs during the critical time window within which they are selected to die or survive for long-term functional integration. In the absence of zif268, however, the accelerated death does not affect the whole population of newborn neurons as the number of surviving DGCs several weeks later appears equivalent to that of WT mice.
Zif268 Is Required for Long-Term Recruitment of Newborn DGCs into
Spatial Memory Networks. The accelerated death of newborn DGCs during a critical period of maturation in the absence of zif268 does not indicate whether zif268 also controls activitydependent functional integration of the remaining pool of newborn DGCs when Zif268 is robustly and transiently expressed in these cells upon learning or recall. To address this issue, we examined whether the absence of Zif268 alters the recruitment of newborn DGCs by spatial learning and their subsequent longterm survival and functional incorporation. We used the spatial Morris water-maze task with a massed protocol that results in long-lasting spatial memory and increased incorporation of new neurons in the adult DG (22) . Guided by evidence indicating that new neurons within 1-3 wk after birth have a unique role in hippocampal-dependent memory formation (6) , and by the differential requirement for zif268 observed above in populations of newborn DGCs of different ages (Fig. 1C) , we submitted WT and zif268-KO mice to spatial learning 9 or 18 d after BrdU injections and analyzed memory performance and survival rate 25 d after acquisition ( Fig. 2A) . As expected (25) , both WT and zif268-KO mice from the two groups learned to locate the hidden platform (Fig. 2B ) (F 1,28 = 1.22, time P < 0.0001; genotype P = 0.28; interaction P = 0.061). In the 18-d group, performance during probe tests in the absence of the platform 25 d after training showed that WT mice formed a long-term spatial memory, whereas zif268-KO mice showed no evidence of long-term memory [ (Fig. 2C) target quadrant: WT P = 0.0024, KO P = 0.66; genotype P = 0.035 (Fig. 2D) (Fig. S2A) . Although survival of 9-d-old neurons can be enhanced after more prolonged training regimes, such as in distributed spatial learning (29) , neither in WT nor in zif268-KO mice did massed training have any enhancing effect on survival of 9-d-old cells (Fig. S2 B  and C) . These results indicate that zif268 plays an essential role
We next asked whether zif268 is required for the functional recruitment of newborn neurons by mapping the expression of Zif268 and c-Fos in BrdU + /NeuN + DGCs, 90 min after memory recall (19, 22) . In WT mice, a much higher number of 18-d-old BrdU + /NeuN + DGCs expressed Zif268 and c-Fos upon retrieval compared with WT controls (Fig. 3 A-C) (Zif268: P = 0.011, c-Fos: P = 0.034). Interestingly, the percentage of newborn DGCs expressing Zif268 or c-Fos postrecall was for both genes much higher than the percentage of preexisting DGCs expressing Zif268 or c-Fos [ (Fig. 3D ) Zif268: P < 0.001; (Fig. 3E ) c-Fos: P = 0.002], suggesting preferential activation of newborn neurons during recall, as reported in other tasks (19, 22) . In contrast, the proportion of activated, BrdU
+ cells in zif268-KO mice was low and not significantly different from that observed in home-cage zif268-KO controls and there was no evidence of preferential activation of newborn DGCs [ (Fig. 3C ) P = 0.13; (Fig. 3E ) P = 0.053], indicating that the long-term memory deficit in these mice is associated with the absence of long-lasting newborn DGCs recruitment. Younger newborn neurons, aged 9 d at the time of learning-besides not being more incorporated during acquisition ( Fig. S2 B and C)-were neither more recruited (Fig. S3 A-C) nor preferentially activated (Fig. S3 D and E) upon recall in either WT mice, as previously described (22), or zif268-KO mice. In all, these findings indicate that zif268 controls the long-lasting recruitment of newborn DGCs during the critical period when they are prone to being incorporated for spatial memory formation and longterm consolidation.
Zif268 Controls the Functional and Morphological Maturation of
Newborn DGCs. To understand how lack of zif268 has such profound consequences on survival and recruitment of newborn DGCs, we evaluated their functional maturation at this delay (21 dpi) and thereafter (43 dpi). Around 3 wk of age, new DGCs undergo extensive morphological and synaptic changes that are essential for their recruitment and survival (6) . We hypothesized that in the absence of zif268, the functional maturation of differentiated newborn DGCs at the time of learning may be incomplete, resulting in their recruitment failure during learning and, hence, deficient survival. To test this hypothesis, we first analyzed GluR1 expression in 21-dpi DGCs, when they start to receive glutamatergic inputs (7, 9) , and at the later age of 43 dpi. We found that the proportion of 21-d-old newborn DGCs expressing GluR1 was reduced in zif268-KO mice (Fig. 4A ) (P = 0.036), indicating immature glutamatergic function, although attaining WT level of expression at 43 dpi (P = 0.60). Then, we evaluated the expression pattern of the Cl − ionic cotransporters NKCC1 and KCC2 implicated in the conversion from GABAinduced depolarization to hyperpolarization, a mechanism crucial for synaptic integration of 3-wk-old DGCs (8) . We found an imbalance in the expression of the two Cl − cotransporters in 21-dpi DGCs of zif268-KO mice, with a larger expression of NKCC1 associated with reduced expression of KCC2 (Fig. 4 B and C) (NKCC1: P = 0.027; KCC2: P = 0.025), again attaining WT expression levels at 43 dpi (P = 0.93 and P = 0.54, respectively). Thus, the absence of Zif268 results in a delayed maturation of GABAergic and glutamatergic functions of newborn DGCs.
Next, using a retroviral vector strategy to express GFP specifically in proliferating cells and their progeny, we assessed morphological maturation of newborn DGCs in WT and zif268-KO mice at 21 and 43 dpi because dendritic development and spine growth are maximal during this time interval (3, 7) . At 21 and 43 dpi, GFP-labeled DGCs were located in the innermost part of the granule cell layer and dendritic processes arborized extensively in the molecular layer (Fig. 5A ). There was no apparent alteration in zif268-KO mice in axonal projections of new DGCs in area CA3 at these delays (Fig. S4A) , indicating normal efferent connectivity. There were, however, clear differences in neuronal morphology between WT and zif268-KO mice (Fig. 5B) . The majority of 21-dpi DGCs from zif268-KO mice exhibited increased branching points (Fig. 5C ) (P = 0.046); (Fig. 5E ), (P = 0.007), without modification of dendritic length (Fig. 5D ) (P = 0.84) (Fig. S4 B-D) . The increased number of nodes appeared for a large part because of the first intersection after the primary dendrite, which in zif268-KO mice was closer to the soma (Fig. S4E) . Dendritic growth continued for 3 wk in WT mice but not in zif268-KO mice, which ended up by having 43-dpi DGCs with shorter dendritic arborization [ (Fig. 5 D vs. G) 21 vs. 43 dpi, WT: P = 0.025; KO: P = 0.86; (Fig. 5 F-H) genotype: ( Fig. 5F ) P = 0.21; (Fig. 5G ) P = 0.008; (Fig. 5H ) P = 0.003) (Fig. S4 F-I ). Defective dendritic development in zif268-KO mice was not the consequence of impaired formation of primary cilia occurring around 21 d after birth of newborn DGCs and which controls dendrites formation (30) (Fig. S5) .
To explore terminal stages of maturation and assess whether newborn DGCs reach a fully mature state in mutant mice, we compared spine density and expansion during the exponential phase of spine growth (3, 7) . Spine quantification on apical dendrites of 21-dpi newborn DGCs revealed a deficit in spine density in zif268-KO mice compared with WT mice (Fig. 5 I-K) . There was an increase in spine density between 21 and 43 d in both groups, but even at 43 dpi spine density in zif268-KO mice remained significantly lower than in WT mice (Fig. 5 I-K) (F 1,68 = 10 .51, time P < 0.001, genotype P < 0.001, interaction P = 0.0018). This alteration in spine density was observed across the whole population of 21-and 43-dpi DGCs examined (Fig. S6 A and B) , indicating a robust effect, not because of a particular sensitivity of a subpopulation of newborn DGCs to zif268 deficiency.
Discussion
The number of surviving newborn neurons in the adult brain is thought to depend largely on their maturation and functional integration into the preexisting networks, an experience-dependent process that contributes to learning and memory (5) . The mechanisms that govern critical stages of experience-dependent functional incorporation of adult newborn DGCs remain largely unknown. The present study is unique in showing that one IEG encoding an inducible transcription factor, zif268, controls major processes in the time-frame of maturation of adult newborn DGCs during the critical period within which they are selected to survive for long-term functional integration into preexisting hippocampal networks (6) . The zif268-dependent selection process takes place between 2 and 3 wk of their birth, when they start to receive synaptic glutamatergic input (7, 9) , undergo conversion of GABA-mediated depolarization to hyperpolarization (8) , and maximally develop dendritic arbors and spines (3, 7); selective maturation processes that are all impaired in the absence of zif268. This stalled and incomplete maturation of surviving newborn DGCs within this critical period is likely to be a salient functional cause of their unsuccessful recruitment and functional incorporation into memory networks, as evidenced by the failure of training in a spatial learning task to promote their survival and lack of activation upon memory recall. Although we cannot formally rule out a developmental effect of zif268 mutation, present data showing normal DG volume, neurogenic niche, plasticity marker expression, and previous results indicating normal neural functions, such as basic place cell properties, synaptic transmission and cell-signaling up to the zif268 promoter, neuronal excitability, presynaptic functions, recurrent inhibition, short-term plasticity, as well as normal learning and short-term memory in Similarly, the proportion of c-Fos-expressing neurons was higher for newborn than for preexisting DGCs in WT mice, in contrast to zif268-KO mice for which the number of c-Fos + newborn DGCs was only slightly, but not significantly higher than that of preexisting DGCs. CTL: WT n = 6; KO n = 6; LEARN: WT n = 9; KO n = 8. *P < 0.05, ***P < 0.005. various tasks despite impaired long-term memory, argue against developmental defects in these mice (24, 25, 31) . Several extrinsic and intrinsic mechanisms have been identified as important regulators of the survival, maturation, and functional integration of adult-born DGCs (32, 33) . These mechanisms include NMDA receptors implicated in glutamatedependent survival and synaptic plasticity of newborn DGCs, GABA-induced depolarization required for dendritic development and synapse formation, the neurotrophic factors BDNF/ TrkB, FGF-2, and NT3 [the absence of which decreases neurogenesis, impairs long-term potentiation (LTP), increases anxiety-like behavior, and impairs spatial memory], as well as the transcription regulators CREB, Cdk5, disc1, Klf-9, and the epigenetic factors Gadd45, miR132, miR124, and repressor element 1 (RE-1) protein-silencing transcription factor (REST)/neuronrestrictive silencing factor (NRSF) that differentially modulate survival, dendritic growth, synaptic plasticity and integration of newborn neurons in the adult hippocampus. Interestingly, the majority of these factors could be downstream transcriptional targets of zif268. BDNF/NT3/FGF have been identified as direct (34) and indirect targets of Zif268 via a Gadd45-dependent DNA demethylation pathway (35) . The role of Cdk5-p35 complex in neurogenesis requires ERK activation and induction of zif268 (36) . The qualitative change in GABA-mediated responses from depolarizing to hyperpolarizing in adult-born DGCs is related to increased KCC2b expression, which can be directly controlled by stimulating EGR consensus DNA binding sites on KCC2b promoter (37) . Finally, the negative regulator REST/ NRSF that controls the rate of adult neurogenesis by partly orchestrating the expression of miR124 and miR132 (38) , might regulate transcriptional responses induced by Zif268 expression (39). These findings provide potential molecular routes by which Zif268 could control various stages of the neurogenic process in a cell-autonomous manner, a hypothesis consistent with the reported normal cortico-hippocampal architecture, synaptic transmission, and neuronal excitability in zif268-KO mice (25) , as well as with the parallel reported here between the normal early and impaired late stages of DGCs maturation in relation to Zif268 expression in adult-born DGCs. However, at this point we cannot discard a noncell-autonomous function of Zif268. Cell type-specific manipulation of zif268 using genetic approaches will be one step further for dissociating cell-autonomous and noncell-autonomous contribution of zif268.
Interestingly, zif268 in the DG is expressed in an exclusively activity-dependent manner. As such, it is to our knowledge unique in being a gene with this property of having a strong and specific role in survival and maturation of adult-born DGCs during the critical period within which they establish appropriate connectivity and have unique functional properties relevant to hippocampal information processing (6, 40, 41) . At any given time at the basal level, very few Zif268 + DGCs can be found, reflecting the activitydependent transient expression and rapid degradation of the protein. In contrast, Zif268 is conspicuously expressed in a sparse, although reliable population of DGCs, including newborn DGCs, time-locked with the occurrence of synaptic plasticity (16) or of learning or recall (4, 15, 17, 21, 22) , as also observed here. This feature appears critical for newborn DGC function in memory formation. From the present findings, we propose that in the behaving animal under low solicitation transient expression of Zif268 occurring in 2-3-wk-old DGCs is critical to their selection and progression of their functional and morphological maturation (Fig.  S7A) . When a specific learning experience occurs, a number of 3-wk-old newborn DGCs-because of their high intrinsic excitability, reduced GABAergic inhibition, and high capacity for undergoing synaptic potentiation (40, 42, 43) -would be preferentially activated by activity patterns entering the DG and express Zif268 (and other IEGs) (4, (15) (16) (17) (18) (19) (20) (21) (22) , promoting their recruitment, maturation, survival, and functional integration into memory networks, and hence their subsequent recruitment upon memory recall (Fig.  S7C) . In the absence of zif268, 3-wk-old newborn DGCs harbor less mature functional and morphological features (Fig. S7B) . Their reduced potential for being activated by glutamatergic inputs would impede their recruitment by training (Fig. S7D) , preventing their contribution to long-term spatial memory (44) . Our previous studies in zif268-KO mice have shown that zif268 is required for the expression of late-phase hippocampal LTP (25) , long-term stability of hippocampal place cell representations (31) , and consolidation of several forms of long-term memory (25, 28) . Memory deficits in the absence of zif268 are unlikely to be caused exclusively by the altered neurogenic function in the DG. In this area, information (K) Spine density was impaired in zif268-KO mice, both at 21 and 43 dpi. WT n = 16; KO n = 16 in C-E; WT n = 25; KO n = 18 in F-H. *P < 0.05, **P < 0.01, ***P < 0.005.
processing will hence be subjected to at least two types of plasticity disorders: that affecting neurogenesis and that affecting synaptic plasticity. There is evidence to suggest that adult-generated DGCs play a significant role in DG synaptic plasticity (11, 12) and, conversely, the induction of synaptic plasticity promotes neurogenesis (16) , suggesting these two forms of plasticity are tightly coupled. The cause and consequence nature in the neurogenesis-LTP relationship, whether there is a prime and secondary cause underlying the memory deficits in the absence of zif268 or whether both directions of causation operate simultaneously, remains a challenge for future research.
Methods
Animals and BrdU Injections. Zif268-KO mice, zif268-heterozygous, and WT male mice (2-to 3-mo-old) were used. Mice received one intraperitoneal BrdU injection (50 mg/kg) for cell proliferation, five every 2 h (50 mg/kg) for cell survival, and three every 4 h (100 mg/kg) for cell survival after learning experiments.
Morris Water-Maze Training. Mice were trained to locate a hidden platform at a fixed location using a massed-training procedure and retention was tested 25 d later, as detailed in SI Methods.
Retrovirus-Mediated Labeling of New Neurons. Moloney murine retroviruses expressing GFP were injected in the DG. Labeled neurons were analyzed using NeuronStudio software, as described in SI Methods.
Immunohistochemistry. Tissue preparation, immunochemistry, and cell counting were carried out as described in SI Methods.
Statistical Analyses. Data were expressed as mean ± SEM. Statistical comparisons were conducted by two-way ANOVA followed by t test.
